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SUMMARY

The sonic-boom pressure signatures parallel to the axis of a blunt body
were measured at several fixed distances from the axis at Mach 6. A finite-
difference computer program was shown to give reasonable estimates of the
pressure signatures.

The computed near-field static-pressure signature (2 model lengths from
axis) was extrapolated to the far field by a program using the method of char-
acteristics. The peak overpressure of the extrapolated signature agrees with
that predicted by linearized far-field sonic-boom theory and provides some
verification of the usefulness of the latter theory in predicting the ground
level overpressures at Mach numbers at least as high as 6.

INTRODUCTION

The nature of sonic-boom phenomena has been investigated extensively, and
theories have been developed to provide accurate estimates of the sonic~boom
characteristics for a wide variety of bodies, wings, wing-body combinations,
and complete supersonic aircraft confiqurations. Reference 1 gives a bibli-
ography of these investigations and examines the applicability of linearized
far-field sonic-boom theory to very blunt body shapes, which are representa-
tive of entry vehicles and bodies with extensive exhaust gas plumes in super-
sonic flight.

Reference 1 points out that, generally, the studies in the bibliography
and its own blunt~body investigation results have demonstrated a remarkable
ability for simplified theoretical methods to provide accurate estimates of
the sonic-boom characteristics at large propagation distances relative to the
body dimensions. Appropriate to these observations, the senior investigator
of reference 1 developed a simplified technique to calculate the sonic-boom
characteristics, of greatest interest, for a wide variety of airplane configu-
rations and spacecraft (ref. 2).

In the investigation of reference 1, static—-pressure signatures generated
by a paraboloid of revolution were measured at distances from the body axis of
2 to 32 body lengths at Mach 4.14. The peak overpressures of the signatures
were shown to decay with distance from the body, and approach the linearized
theoretical far-field value as a limit.

The current study was conducted to extend the investigation of the
applicability of linearized far-field sonic-boom theory to blunt bodies from
Mach 4.14 to Mach 6. Static pressure signatures were measured at Mach 6 about
the same paraboloid of revolution and at the same distances from the body axis
as were measured at Mach 4.14 (ref. 1). However, because of the tunnel and
probe traverse mechanism limitations, the measured signatures at Mach 6 were
not complete at all the stations from 2 to 32 body lengths from the axis. To



obtain good estimates of the true signatures at Mach 6, the finite difference
computer programs of references 3 and 4 were first shown to give reasonably
good estimates of the signatures at Mach 4.14, and then were used with confi-
dence at Mach 6 along with the limited pressure measurements to establish a
complete set of signatures. The variation of these signatures with distance
from the body, along with the signature obtained by extrapolating a computed
near-field signature to the far field (via a program using the method of char-
acteristics), was used to evaluate the applicability of the signature esti-
mated by the far-field sonic-boom theory.

The purposes of this report are to: (1) demonstrate that the finite-
difference programs can reasonably predict the sonic-boom signatures in the
near field of a very blunt body (diameter to length ratio of 2.0) at Mach
numbers up to 6; (2) to show that the overpressure predicting capability of
linearized far—~field theory can be extended from Mach 4.14 to at least Mach 6;
and (3) to demonstrate the capabilities of a computer program (method of charac-
teristics) to extrapolate the near-field signature of a blunt body to the far
field at Mach numbers up to 6.

This report presents the comparisons between the measured and calculated
signatures for both Mach 4.14 and Mach 6. Composite plots of computed and
extrapolated signatures, and plots of signature parameters used to evaluate
the linearized far-field sonic-boom theory are also presented for both Mach

numbers.

SYMBOLS
D body maximum diameter, base diameter, cm
h distance from flight path to pressure probes, cm
Ky reflection factor, 1.0 for this report
1 reference length of configuration, cm (see fig. 1)
Mo Mach number behind bow shock
M free-stream Mach number
o) local static pressure, Pa
Ap sonic-boom overpressure, p - p,, Pa
Apa adjusted incremental pressure at bow shock of measured signature
(see fig. 6)
App incremental pressure at bow shock of theoretical pressure signature
P, 2 total pressure behind bow shock, Pa
Pt,3 pitot pressure behind bow shock, Pa



Pt ,e0 free-stream total pressure, Pa -

Pt, free-stream pitot pressure, Pa

P2 static pressure behind bow shock, Pa

P, free-stream static pressure, Pa

r body radius, cm

X distance measured along body longitudinal axis from body nose, cm

Ax longitudinal distance from point on pressure signature to point where
pressure signature curve crosses zero overpressure reference axis,
cm

Axp adjusted value of length of positive portion of measured pressure

signature (see fig. 6)

Axp length of positive portion of theoretical pressure signature
2

B = M-

0 shock-wave angle, deg

APPARATUS AND TESTS
Tunnel

The tests for this report were conducted in the Langley 20-Inch Mach 6
Tunnel at an average stagnation pressure of 2.86 MPa and an average stagnation
temperature of 494 K. Operational characteristics of the facility and the flow
calibration are presented in reference 5.

Models and Instrumentation

The two models used in the test program (fig. 1), the same models used in
reference 1, had identical forebody shapes but differed in size by a scale fac-
tor of 4. The large model was used to measure pressure signatures at nondimen-
sionalized distances of 2, 4, and 8; and the small model was used for nondimen-
sionalized distances of 8, 16, and 32 (the same values of h/! that were used
at Mach 4.14). The model forebodies are paraboloids defined by the equations
shown in figure 1. Electrical transducers were used to sense the pressures,
and a digital shaft encoder was used to identify the position of the probe in
the flow field. The pitot-pressure probe (fig. 1) had an internal bevel to
reduce the probe sensitivity to flow angle.



Tests and Methods

The pitot-pressure probes and models were mounted in the Mach 6 test sec-
tion as shown in figure 2. Pitot~pressure measurements were made at stations
from in front of the bow shock to the downstream limit of the traverse appara-
tus. For each run, the probe was set in the most forward survey position at the
distance h from the reference axis. The model was positioned longitudinally
so that the bow shock was slightly aft of the nose of the probe. At the begin-
ning of each run, the probe was moved aft until the beginning of the sharp
pressure increase at the shock was encountered. The probe was then moved for-
ward of the shock and the data traverse across the shock was begun. Discrete
data points were taken over the allowable traverse distance with multiple data
points being taken in the vicinity of maxium overpressure to define that partic~
ular point as accurately as possible. Figure 3, taken from reference 1, gives a
perspective of how the pressure signature varies with distance h from the
model longitudinal axis.

Initially, a static-pressure probe (ref. 6) was used simultaneously with
the pitot-pressure probe to measure the static pressures; subsequently, the
static-pressure probe was discovered to be too long and the length of travel
of the traverse mechanism too short for the probe to measure pressures free
of shock interference. Therefore, data from this probe are not presented in

this report.

At the outer measuring station (h/l = 8 for the large model and h/1 = 32
for the small model) the pitot-pressure probe was in the tunnel wall boundary
layver, and only the measurements at h/l = 2 and 4 for the large model and
h/7 = 8 and 16 for the small model are considered. The limit of travel of the
traverse mechanism also prevented full signature measurements by the pitot-
pressure probe at some stations. Enough of the signature was measured, however,
to permit analyses and comparisons to be made.

DATA REDUCTION

The Mach 4.14 data were obtained from reference 1 wherein the pressure
signatures were measured using a static-pressure probe. For the Mach 6 tests,
the free-stream Mach number M_ and static pressure p, were obtained by using
the free-stream pitot pressure Pt, o from the floor-mounted pitot probe and the
free~-stream total pressure p{,w. The static~pressure signatures from the pitot
probe were calculated iteratively with the following equations (ref. 7):

From oblique-shock relationships,

. 7/2 5/2
Pt,2 6Maf sin? ¢ / 6 a)

Pt, o ng sin2 6 + 5 7M03 sin? 6 -1




2 36M 4 sin2 6 - 5(M 2 sin? 6 - 1) (M2 sin? 0 + 5)
2= —

i i (2)
(™M, 2 sin? 8- 1)M 2 sin? 6 + 5)

From normal-shock relationships,

7/2 5/2
Pt,3 / 6M22 6

= 2 ) (3)
Pt,2 \My2 + 5 ™52 - 1

From one-dimensional isentropic flow relationships,

p3 M,2\-7/2

Pt,2

A shock angle 0 was assumed, and initial values for Pt,2 and My
were computed from equations (1) and (2). The computed value of M; and the
measured pitot pressure Pt,3 were used in equation (3) to determine another
.value for pi,62. The series of calculations was repeated with different shock
angles until the two values of Pt,2 converged. After convergence was
obtained, equation (4) was used to calculate ps.

This type of calculation, wherein Pt, 3 is the only known qgantity behind
the shock, is valid only near the shock. As the probe moves aft from the bow
shock, My 1is not constant along the path from the shock to the probe and this
method does not give a unique solution for Mp, pg,2, or p2. The accuracy of
the calculated static pressure decreases directly with probe distance behind the
shock, but the decrease is dependent on the shock curvature in the vicinity of
the path. Nonetheless, the correct value of pj at the shock establishes the
peak overpressure, and the remainder of the values computed from the pitot pres-
sure are useful for establishing the signature curves.



RESULTS AND DISCUSSIONS

The applicability of the linearized far-field sonic-boom theory at Mach
numbers higher than 4.14 was evaluated by comparing its signature with the far-
field signature which was an extrapolation of the predicted near-field signature
at Mach 6. The finite-difference computer programs of references 3 and 4 were
used to calculate the theoretical signatures at Mach 4.14 as well as Mach 6.

As will shortly be shown, there was favorable agreement between the predicted
and the measured signatures at Mach 4.14. This favorable agreement was the
basis for confidence in using the programs to predict signatures at Mach 6 for
analysis and comparison with wind tunnel data.

The calculated signatures at Mach 4.14 are compared with the measured
signatures from reference 1 in fiqure 4 at h/1 = 2, 4, 8, 16, and 32. The
signature lengths are in good agreement at all stations, and the agreement
between the peak overpressures improves as distance from the model increases,
becoming practically coincident at h/] = 32. As pointed out in reference 1,
the probe used in that investigation was not expected to measure the correct
pressure near strong shocks. That fact, coupled with good agreement between
the two signatures at distances greater than h/] = 8 indicates that the
finite difference code is a viable method for determining the pressure signa-
tures about blunt bodies at Mach 4.14. Trusting that the program would perform
equally well at Mach 6.0, signatures were calculated and compared with wind tun-
nel data.

The calculated pressure signatures for Mach 6 are presented along with the
pressures obtained from the pitot-pressure measurements in figure 5. The pres-
sures from the pitot-probe measurements are accurate the the shock (see "Data
Reduction"); so, the measured and calculated signatures were aligned in the
peak overpressure region using the relative location of the signatures at
Mach 4.14 (fig. 4) as a guide. To aid in the comparative analysis of the cal-
culated and measured signatures, the measured signatures were adjusted near the
shock by the method outlined in reference 8. The adjusted peak overpressures
for the measured data are seen to be in reasonably good agreement with the cal-
culated values; but the measured signature lengths are short, especially at the
station nearest the body. These results for Mach 6 are more clearly depicted
in figure 6 where the adjusted measurements of peak overpressures and signature
lengths are divided by the calculated values for both Mach 6 and Mach 4.14. The
data for both Mach numbers are presented to obtain a critical assessment of the
capabilities of the finite-difference computer programs. The good agreement at
Mach 4.14 between the calculated and measured signature length, at all measuring
stations, and the progressively improving agreement of the peak overpressures
with distance from the body (coupled with the good agreement at Mach 6 between
the calculated and adjusted measured peak overpressures at all measuring sta-
tions), indicate that the prediction capability of the programs is very good.

The results of reference 1 have indicated that the linearized far-field
sonic-boom theory is applicable for blunt bodies at Mach 4.14. To extend the
assessment to Mach 6, the calculated signatures in terms of correlating pressure
and length parameters are presented in figure 7. These parameters (listed



below) were formulated in reference 9 and were applied to the body shape of this
investigation in reference 1.

Bop /n\3/4 D
__<_> = K.B1/4(0.537)-
P \1 1
Axb<h>-1/4 Mos? b
-~ = ——(0.921)-
1\l g3/4 l

Through the use of these parameters, theoretical signatures for a given body
and Mach number may be represented in the far field by a simple "N wave." (See
ref. 1.) By plotting the downstream zero overpressure points at a common ori-
gin, the pressure signatures calculated by the finite-difference method are
shown to evolve toward the far-field theoretical signature as h/! increases.
Also shown on the plot are the extrapolations from h/] = 2,0 of the finite-
difference signature using the method of characteristics program of refer-

ence 10. This method of extrapolation appears to approach a limiting signature
that has about the same overpressure but is somewhat shorter in length than the
linearized far-field theoretical signature. The validity of this limiting

Ap/h
signature becomes apparent when the overpressure <—-(—> and length
1

Ax/h
?—<?> parameters and the impulse (area under the positive portion of the

(o]

signature) are plotted as a function of h/1 (Logp of h/1) in figure 8.

The three curves fair asymptotically in a smooth manner to the limits set

by the extrapolation method at approximately the same h/]! location; whereas,
the length parameter and impulse curves (figs. 8(b) and 8(c)) would be smoothly
asymptotic to the linearized far-field theory limit at a greater h/i7 location.

In reference 1, the experimental data at Mach 4.14 were analyzed to indi-
cate the rate at which far-field conditions were being approached. The overpre-
dictions of signature length and impulse by the linearized far-field theory were
also observed but were not attributed to signature length error (fig. 6,
ref. 1). Since the analytic programs were shown to be useful for the Mach 6
data, they were applied to the Mach 4.14 data and are presented in figures 9
and 10 of this report. Results similar to those at Mach 6 were obtained. The
peak overpressures, signature lengths, and impulse fair asymptotically in a

smooth manner to the limits set by the extrapolation method at approximately
the same h/1 1locations.



CONCLUDING REMARKS

The sonic-boom pressure signatures parallel to the axis of a blunt body
were measured at several fixed distances from the axis at Mach 6. A finite-
difference computer program was used to compute the signatures at Mach numbers
4.14 and 6 for comparison with experimental data at the two Mach numbers.
Analysis of these data show that finite-difference computer programs can be
used to obtain reasonable estimates of the pressure signatures about bodies
of revolution with a ratio of diameter to length of 2 at Mach numbers at least
as high as 6.0.

The computed near-field static-pressure signature was extrapolated by a
program using the method of characteristics. A comparison of this extrapolated
signature with the signature predicted by the linearized far-field sonic-boom
theory shows that the peak overpressures are about the same, but the far-field
theory overestimates the signature length. These results show that linearized
far-field sonic-boom theory can be used to estimate the ground level overpres-
sures from blunt bodies flying at Mach numbers at least as high as 6.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

December 2, 1980



10.

REFERENCES

Carlson, Harry W.; and Mack, Robert J.: A Study of The Sonic-Boom Charac-
teristics of a Blunt Body at a Mach Number of 4.14. NASA TP-1015, 1977.

Carlson, Harry W.: Simplified Sonic-Boom Prediction. NASA TP-1122, 1978.

Marconi, Frank; Salas, Manuel; and Yaeger, Larry: Development of a Computer
Code for Calculating the Steady Super/Hypersonic Inviscid Flow aAround Real
Configurations. Volume I - Computational Technique. NASA CR-2675, 1976.

Marconi, Frank; and Yaeger, Larry: Development of a Computer Code for Cal-
culating the Steady Super/Hypersonic Inviscid Flow Around Real Configura-
tions. Volume II ~ Code Description. NASA CR-2676, 1976.

Goldberg, Theodore J.; and Hefner, Jerry N. (appendix by James C. Emery):
Starting Phenomena for Hypersonic Inlets With Thick Turbulent Boundary
Layers at Mach 6. NASA TN D-6280, 1971.

Ashby, George C., Jr.: Near-Field Sonic-Boom Pressure Signatures for the
Space Shuttle Launch and Orbiter Vehicles at Mach 6. NASA TP-1405, 1979.

Ames Research Staff: Equations, Tables, and Charts for Compressible Flow.
NACA Rep. 1135, 1953, (Supersedes NACA TN 1428.)

Carlson, Harry W.: Correlation of Sonic-Boom Theory With Wind-Tunnel and
Flight Measurements. NASA TR R-213, 1964.

Walkden, F.: The Shock Pattern of a Wing-Body Combination, Far From the
Flight Path. Aeronaut. Q., vol. IX, pt. 2, May 1958, pp. 164-194,

Ferri, A.; Ting, L.; and Lo, R. W.: Nonlinear Sonic Boom Analysis Including
the Asymmetric Effects. AIAA Paper No. 76-587, July 1976.



oL

r =7/ 2.54x 2.54 l

_ — - - - - - - 3.175

16.51 P 6.35—>

Large model

r = 1/0.635x o35 l

- p- - - - - - - 3.175

y

1 =0.635

12.06 1 25.4 > —?

Small model

o . .2286-diam tubing .7938-diam tubing
60" internal bevel

Pitot-pressure probe

Figure 1.- Models and traverse probe. All dimensions are in cm.
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Figure 4.~ Comparison of measured (static pressure probe) and calculated
signatures at various distances for M = 4.14.
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